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ABSTRACT 


A summary  is  presented  of  new  calcu- 
lations of  atmospheric  absorption  line 
parameters  and  of  a slant-path  absorption 
model  (slam)  intended  for  use  in  the  mil- 
limeter and  submillimeter  wave  spectral 
regions.  Results  of  a literature  survey 
concerning  altitude-dependent  attenuation 
and  dispersion  in  this  spectral  region, 
as  well  as  weather -dependent  scattering 
and  fading  strengths,  are  also  summarized. 
Recommendations  are  given  for  improving 
the  data  base  and  for  reducing  the  uncer- 
tainties in  the  model  predictions. 

A list  of  the  ^18  absorption  lines 
of  the  molecular  oxygen  isotopes  of  prin- 
cipal concern  in  atmospheric  transmission 
below  300  cm“^  is  included,  together  with 
their  integrated  strengths  at  296K,  line 
widths,  lower-state  energies,  and  identi- 
fying quantum  numbers,  in  the  format  of 
the  AFCRL  Atmospheric  Absorption  Line 
Parameters  Compilation.  Reference  is  made 
to  a series  of  Technical  Reports  which  give 
complete  documentation  of  the  calculations 
leading  to  these  values  and  to  similar  cal- 
culations for  carbon  monoxide,  as  well  as 
of  a detailed  description  of  the  SLAM 
program. 
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^ • introduction  AMD  .SUMMARY 


A.  PROGRAM  OBJECTIVR.c; 

The  millimeter  and  submillimeter  wave  region  has  been  of 
increasing  interest  to  both  the  research  and  technology  com- 
munities over  the  past  twenty  years.  The  principal  difficul- 
ties preventing  more  extensive  use  of  this  sub-teraherts  spec- 
tral region  are  connected  with  the  atmospheric  propagation 
Characteristics.  In  much  of  the  region,  the  atmosphere  is 
essentially  opaque  at  low  altitudes,  but  precise  measures  of 
the  degree  of  opacity  as  a function  of  altitude  have  not  been 
readily  available.  Recent  increases  in  the  understanding  of 
the  relevant  molecular  spectroscopy  at  both  the  theoretical 
an  experimental  levels,  together  with  the  current  development 
of  more  powerful  sub-terahertz  sources,  led  RRl  to  propose  the 
atudy  Of  millimeter  wave  propagation  in  the  atmosphere  which 
is  -the.sunject  of  this  report.  The  specific  objectives  of 
this  study  were  as  follows: 

To  review  the  experimental  and  theoretical  data  now  avail- 
able concerning  atmospheric  propagation  of  millimeter  and  sub- 
millimeter  waves  and  use  this  data  to  predict  the  altltude- 

ARpr'^T"  characteristics  of  principal  interest  for 

-related  systems  studies.  These  were  to  be  "state-of-the- 
ar  predictions  based  on  a comprehensive  literature  search 
emphasizing  attenuation  and  dispersion,  but  also  addressing 
questions  of  weather-dependent  scattering  and  expected  fading 
strengths.  Inadequacies  in  the  present  data  base  were  to  be 
closed  by  determining  the  degree  of  uncertainty  resulting  in 
e predicted  transfer  characteristics.  RRI  was  to  recommend 
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data-gathering  or  verification  experiments  which  might  be  re- 
quired to  eliminate  the  inadequacies  in  this  data  base. 
Finally,  RRI  was  to  develop  a computer  model  of  the  atmosphere 
which  would  be  of  general  utility  wherever  the  sea-level  at- 
tenuation is  3dB/kn  or  less. 

B.  SUMMARY  OF  RESULTS 

From  the  study  of  the  journal  and  report  literature  on 
altitude-dependent  transfer  characteristics  in  the  millimeter 
and  submillimeter  region,  it  became  evident  that  the  only  at- 
mospheric absorbers  generally  considered  were  water  vapor, 
oxygen  (microwave  region  only),  and — occasionally — ozone.  On 
the  other  hand,  from  recent  studies  of  the  stratospheric  emis- 
sion from  the  atmosphere,  it  was  clear  that  other  species, 
especially  oxygen,  were  important  in  the  submillimeter  region. 
Therefore,  a state-of-the-art  computer  model  was  developed^ 
which  would  predict  the  transfer  characteristics  using  as  in- 
put the  absorption  line  parameters  in  "AFCRL  format"  for  any 
species  of  interest,  and  an  appropriate  set  of  line  parameters 
for  oxygen^  and  carbon  monoxide^  was  developed,  supplementing 
the  already-existing  data^  on  water  and  ozone,  (Additional 
species  of  importance,  such  as  NOa,  will  be  added  in  a follow- 
on  study. These  new  line  parameter  calculations  have  also 
been  made  available  to  AFCRL®  for  incorporation  into  their 
master  list  of  line  parameters'‘  for  DoD-wide  and  general  use. 
The  dominant  uncertainties  in  the  absorption  calculations  were 
determined  to  be  tied  up  with  the  oxygen  line  widths  and  their 
pressure  dependence^  and  with  the  still-unresolved  issue  of 
the  correct  line-shape  to  use  for  the  water  absorptions.^  The 
computer  model  (SLAM)  is  a high-resolution,  slant-path  absorp- 
tion model  used  to  generate  predictions,  at  any  altitude  below 
40  km,  of  the  local  attenuation  (dB/km)  as  well  as  the  total 
attenuation  (dB)  from  that  altitude  out  to  space  and  down  to 
sea  level.  Extensions  of  the  model  to  dispersion  calculations 
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is  possible  under  algorithms  which  have  recently  been  worked 
out. 

The  literature  survey  revealed  that  the  dispersion  and 
attenuation  in  the  60  GHz  oxygen  complex  have  been  under  active 
study  at  OT/ITS,  and  that  better  line  widths  for  oxygen  are 
becoming  available  as  a result."  Scattering  by  dry  aerosols 
and  by  various  water  cloud  models  in  the  submiilimeter  region 
has  been  studied  recently, ® so  that  it  did  not  prove  necessary 
to  spend  much  time  on  the  scattering  problem.  The  key  uncer- 
tainty remaining  is  scattering  at  high  altitudes,  especially 
by  cirrus  clouds,  whose  particles  are  irregularly  shaped  and 
faceted,  and  whose  complex  index  of  refraction  at  temperatures 
characteristic  of  such  clouds  is  imprecisely  known.®  (RRI  has 
proposed  to  study  the  complex  index  of  refraction  at  these 
temperatures. ®) 

Dispersion  and  fading  has  been  studied  most  extensively 
by  the  Russians,^®  and  (only  in  the  millimeter-wave  region) 
by  workers  in  the  U.  S.,^^  England,^®  and  Germany.^®  The  most 
recent  Russian  work  was  studied  by  abstract  only,  since  the 
conference  proceedings  pr^^ed  to  be  unavailable.^^  Sufficient 
theoretical  understandinr^of  the  dispersion/ fading  relationship 
exists  for  it  to  be  possible  to  extend  the  SLAM  program  to  make 
dvetailed  predictions  in  any  desired  frequency  range,  should  the 
^ 'ise.  Such  extensions  are  not  provided  for  under  the 

.it  contract  or  its  immediate  follow-on.® 

C.  ORGANIZATION  OF  THIS  REPORT 

Sections  II  through  IV  summarize  the  computer  calculations 
performed  during  the  period  1 March  through  15  August  1975,  in 
support  of  this  Contract  Modification.  Much  more  detail  will 
be  found  in  a series  of  Technical  Reports^  ^ which  include 
complete  program  documentation  on  the  subjects  covered.  Sec- 
tion II  describes  the  nature  of  the  calculation  of  millimeter 
and  submillimeter  wave  absorption  line  parameters  for  the 
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molecular  oxygen  isotopes,  and  ^®02  (with 

to  be  the  subject  of  a separate  Technical  Report Sec.  Ill 
describes  the  status  of  the  ^lant-^ath  absorption  model  ( SLAM) 
development  as  of  15  August.^  Section  IV  briefly  describes 
the  calculations  performed  of  the  absorption  line  parameters 
of  several  isotopes  of  carbon  monoxide,  of  which  only  C O 
turns  out  to  be  significant.^  The  preliminary  calculations 
on  NO  and  on  are  also  discussed,  as  are  several  miscel- 

laneous computations  which  will  be  of  use  in  related  problems. 

Section  V summarizes  the  results  of  the  RRI  survey  of  the 
atmospheric  propagation  literature,  atmospheric  models,  and 
trace-species  spectroscopy  in  the  millimeter  and  submillimeter 
wave  regions.  Section  VI  contains  our  recommendations  for 
experimental  studies  and  data-gathering  needed  to  improve  the 
data  base  for  computations  of  altitude-dependent  transfer 
characteristics  and  their  degree  of  variability. 
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II . CALCULATION  OF  MILLIMETER  AND  SUBMILLIMETER 
ABSORPTION  LINE  PARAMETERS  FOR  THE  MOLECULAR 
OXYGEN  ISOTOPES;  ^^Og,  ^^O^Qp^  AND  ^^Og 


One  of  the  principal  objectives  of  the  RRI  efforts  on 
atmospheric  propagation  in  the  millimeter-through-submillimeter 
wave  region  has  been  to  develop  detailed  predictions  of  the 
molecular  attenuation  as  a function  of  frequency  and  altitude. 
To  aid  in  this  study,  a computer  tape  was  obtained  from  AFCRL 
in  April  1975  which  contained  the  AFCRL  Atmospheric  Absorption 
Line  Parameters  Compilation,  converted  to  the  9-track  format 
compatible  with  RRI's  XDS  Sigma  9 computer,  and  listed  from 
the  beginning  to  585.5  cm  ^ (the  first  8095  absorption  lines). 
This  computer  tape  was  to  be  used  as  input  for  the  SLAM  program 
described  in  Section  III  and  in  Tech.  Report  T-2/306-3-l4.  ^ 
However,  study  of  the  printout  of  the  first  several  thousand 
lines  revealed  that  all  of  the  important  oxygen  absorption 
lines  in  the  submillimeter  region  (starting  at  12.292  cm~^)^® 
were  absent,  as  were  all  of  the  carbon  monoxide  (CO)  and  nit- 
rous oxide  (N2O)  pure  rotation  lines.  In  addition,  the  micro- 
wave  oxygen  absorption  lines  had  incorrect  line-widths.  This 
meant  that  the  AFCRL  compilation  could  be  used  for  HgO  ( all 
isotopes)  and  ^®03  (ozone)  in  the  submillimeter  region,  but 
that  absorptions  due  to  all  other  species  (oxygen  being  most 
important^°)  would  have  to  be  added. 

From  preliminary  computations  of  the  line  positions  and 
strengths  for  molecular  oxygen,  it  was  obvious  that  much  more 
work  would  be  required:  the  absorption  frequencies  quoted  in 
the  literature^®  for  the  submillimeter  spectrum  were  dis- 
crepant by  more  than  0.1  cm~^;  transition  matrix  elements  were 
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available  only  for  the  first  24  lines  (to  96.81  cm  ^) ; line- 
width  estiirrates^®^  were  50  percent  discrepant. 

Based  on  the  1955  work  of  Tinkham  and  Strandberg^^  (as  cor- 
rected by  Gebbie,  et  al.^®  in  I969),  transition  matrix  elements 
were  generated  for  I5  more  ^®02  lines  with  the  aid  of  a HP-35 
calculator.  Line  strengths  remained  high  even  at  153.87  cm 
consistent  with  observations  of  O2  lines  in  emission  out  to 
200  cm~^  in  the  stratosphere.^^  However,  the  observed  lines 
appear  at  frequencies^^  which  are  in  significant  discrepancy 
with  Gebbie's  values^®^^°  and  no  line-strength  computations 
had  been  published  for  the  high-frequency  lines.  It  was  decided 
to  re-do  the  Tinkham-Strandberg  calculations  ^ initio,  there- 
fore, based  on  the  latest  estimates  of  the  oxygen  molecular 
parameters  (Bq,  Bi,  B2,  Ao,  Ai,  jio,  and  The  neces- 

sary calculations  were  performed,  a set  of  APL  computer  pro- 
grams was  written  for  the  XDS  Sigma  9 computer,  and  these  pro- 
grams were  executed  to  generate  a reliable  set  of  line  parame- 
ters for  molecular  oxygen  isotopes  ^®02,  and  ^®02  (all 

of  which  have  nuclear  spin  I = O) . These  computations  are 
fully  documented  in  Tech.  Report  T-l/306-3-l4. ^ Table  I gives 
the  relative  isotopic  abundances  of  the  various  oxygen  isotopes 
from  which  it  is  evident  that  ignoring  (which  has  a more 

complicated  spectrum  owing  to  the  hyper  fine  structure  induced 
by  the  spin  I = 5/2  of  the  atom)  will  not  hurt  too  much  in 

a "first  cut"  study  of  the  atmospheric  transfer  characteristics. 
Nevertheless,  ^®0^^0  (as  well  as  the  Zeeman  effect  in  ^®0^®0, 
important  at  high  altitudes'^)  will  ultimately  be  included  in 
the  line  parameter  compilation,^®  although  it  is  not  treated 
here  or  in  Ref.  2. 

Table  II,  taken  from  Appendix  G of  Ref.  2,  is  a file  listing 
of  the  absorption  line  parameters  for  the  three  molecular  iso- 
topes considered  whose  line  strengths  exceed  3* 7*  10  ^ 

(molecule  cm“^),  based  on  the  molecular  parameters  of  Steinbach 
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Table  I : Relative  Abundances  of  the  Isotopes  of  Op 
Isotopic  Species  Relative  Abundance^ 


160-60 

0.99519 

160180 

4.07.10"® 

7.38-10"'* 

180180 

4.16-10"® 

17Q180 

1.51-10"® 

1.37-10"”^ 

Based  upon  the  following  isotopic  abundances  of  atomic  oxygen; 

^®0;  99.7595^,  0.0375^,  ^®0;  0.204j^ 

Reference:  Handbook  of  Chemistry  and  Physics,  52nd  Edition, 

1971”1972,  Chemical  Rubber  Co.,  Cleveland,  Ohio. 
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Table  I 


JXVOE*«EXiST 


absorption  line  papa-ieteps  pop  moleculpp  oxtqen  isotopes  UFCPL  FORMAT! 

all  lines  op  01*»0l*i  0l*-01ii  AND  OliPOli  "ITM  V • 0 0'^  1 
and  -mOSE  STRENQTmS  exceed  3.7E-30  INV  CM 

AT  296<.  lInEnIOTiS  INTIPPOLATEO  F«0(i  KPUPEnIE'S  COMPILATION 
So>  Bl*  fi?i  ETC,  FPOM  PEF.  7 fop  V - 0,  FPOM  PEF.  5 FOP  V - L 


FNtI,  STPENOTM 


1 

1>6*953 

**62E-10 

2 

l*666b5 

C38E-29 

3 

1*68362 

3*h7£-29 

* 

1*70l76 

l*03E-28 

5 

1*71796 

2*58E-29 

6 

1 *7352* 

6*09E-2B 

7 

1*75262 

1 *36E-27 

8 

1*76*31 

3*73E-30 

9 

1 *77012 

2*85E-27 

10 

1*77256 

5*33E-20 

11 

1 • 7808* 

7*‘*9E-30 

12 

1*78776 

5*63E-27 

13 

1*7891* 

l*C*E-29 

1* 

1*797*8 

1**2E-29 

15 

1*79998 

5*57E-30 

16 

1*80558 

l*05E-26 

17 

1*80586 

1*91E-29 

18 

1*81*28 

2*5*E-29 

19 

1*81923 

b*67E-30 

20 

1*92275 

3*32E-29 

21 

1*92363 

l*53E-26 

22 

1*93127 

**2BE-29 

23 

1*93977 

C58E-29 

2* 

1*93996 

5**3E-29 

25 

1*9*199 

3*00E-26 

26 

1*8*952 

6*78E-29 

27 

1*95727 

8*3*E-29 

29 

1*95869 

2**1E-29 

29 

1*96075 

**60E-26 

30 

1**6611 

l*01E-28 

31 

1*87909 

C20E-28 

32 

1*87679 

2*7*E-26 

33 

1*87919 

3**3E-29 

3* 

1*88001 

6*SBE-26 

39 

1*88*20 

l**lE-29 

36 

1*88995 

l**2E-29 

37 

1*9920* 

5**0E-29 

39 

1*89350 

C62E-28 

39 

1*90026 

8*77E-26 

*0 

1*900*1 

**56E-29 

*1 

1*90302 

l*8JE-29 

*2 

1*91282 

2*03E-29 

*3 

1*92175 

1*05E-25 

** 

1*92295 

S*61E-29 

IOTm  £"  V J*  K' 

032  2*A0*77a  0 AS  A1 

032  2?30*A29  0 39  39 

032  20ll«215  0 37  37 

•032  1803»ia0  0 35  3t 

•032  160A^3S3  0 33  33 

•032  1a20^7a7  0 31  31 

•032  12A6*A92  0 29  29 

•032  117«*121  0 29  29 

•032  10S3*A3*  0 27  27 

• 032  1099*777  2*  29 

•032  102A«107  0 27  27 

•032  131*7aB  0 25  29 

•032  991*113  0 2*  £* 

*032  S90*799  0 25  25 

*039  2339*133  1 23  23 

*039  791*a05  0 23  21 

•035  913*197  0 2A  2* 

*039  7a9*219  0 23  23 

*035  2211*593  1 21  21 

•037  995*999  0 22  22 

*039  692**37  0 21  21 

035  929*389  0 21  21 

037  2099*301  1 19  19 

•039  5*9*509  0 20  20 

*037  5aa*993  0 19  19 

*037  519*32*  0 19  19 

*039  *93*935  0 19  18 

•038  1990*305  1 17  17 

•039  *39*702  0 17  17 

*039  *19*0*3  0 17  17 

*038  399*992  0 19  19 

•0*9  2*09*  0 1 1 

•039  1999*913  1 19  19 

•038  3*3*970  0 19  19 

•039  325*992  0 15  15 

*0*9  1999**99  1 1 1 

•0*9  2*933  0 11 

•039  29**979  0 1*  IP 

•039  290*993  0 13  13 

•039  181**239  1 13  H 

•039  2*9*993  0 13  13 

•0*0  211*917  0 12  12 

*0*1  199*993  0 11  11 

•0*1  17*3*197  1 11  11 


y 1 1 ji  i<M  10  Date  ISO  -o 

0 *0  *1  *!■  75  66  7 

0 39  39  39"  75  66  7 

0 39  37  37»  75  66  7 

0 3*  35  35"  75  66  7 

0 32  33  33-  75  66  7 

0 30  31  31-  75  66  7 

0 29  29  29-  75  66  7 

0 28  29  29-  75  98  7 

0 26  27  27-  7b  66  7 

0 27  28  28-  75  68  7 

0 26  27  27-  75  68  7 

0 2*  25  29-  75  66  7 

0 25  26  26-  75  68  7 

0 2*  25  25-  75  68  7 

1 22  23  23-  76  66  7 

0 22  23  23-  75  96  7 

0 23  2*  2*-  T5  68  7 

0 22  23  23-  75  68  7 

1 20  21  21-  75  66  7 

0 21  22  22-  75  98  7 

0 20  21  21-  75  69  7 

0 20  21  21-  T5  99  7 

1 19  19  19-  75  66  7 

0 19  20  20-  75  68  7 

0 18  19  19-  75  66  7 

0 18  19  19-  75  68  7 

0 17  18  18-  75  68  7 

1 16  17  17-  75  66  7 

0 16  17  17-  75  66  7 

0 16  17  17-  75  68  7 

0 15  16  16-  75  68  7 

0 211*  75  66  7 

1 1*  15  15-  75  66  7 

0 1*  15  15-  T5  66  7 

0 1*  19  19-  T9  68  7 

1 211*  79  66  7 

0 211*  79  69  7 

0 13  1*  1*-  T5  68  7 

0 12  13  13-  79  66  7 

1 12  13  13-  79  66  / 

0 12  13  13-  79  68  7 

0 11  12  12-  79  69  7 

0 10  11  11-  T9  66  7 

1 10  11  11-  T9  66  7 
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RIVERSIDE  RESEARCH  INSTITUTE 


CxrOE  lEXISr 


Table  I (Cont  d) 

AbSCiiPTioN  lInf  PA-^A^ETEKS  FO”  "'OlECulaP  0x»3EN  isotopes  r:;.”i»T 


STPESQTn 

« IOTm 

£'  • 

*5 

1 

92298 

2 

21E-28 

•OAl 

179«0AS 

*6 

1 

9313J 

1 

U3E>28 

• Ca7 

8<C25 

*7 

1 

93361 

2 

J6E>28 

• 0A2 

1A9«187 

*8 

1 

9AH6a 

2 

AbE-28 

• 0A3 

122^036 

<•» 

1 

9a5a# 

1 

22E-29 

• 0A3 

128<a92 

50 

1 

9a76A 

6 

33E-29 

• 0A3 

16B3<A97 

51 

1 

9A957 

7 

55E-26 

• 0 A A 

16<J88 

52 

1 

9‘j65  7 

1 

ABE*28 

• 0 A A 

16«1A6 

53 

1 

957U5 

2 

SuE-28 

• OA  A 

97.599 

5«, 

1 

9620a 

3 

92E-29 

• 0 A A 

1572.612 

55 

1 

97052 

2 

A8E-28 

• (J  A A 

75.865 

56 

1 

97351 

1 

?6E«2S 

• 0 A A 

79.607 

57 

1 

97bA9 

1 

87E-28 

• CA3 

26.989 

58 

1 

976A9 

6 

A8E-29 

• 0 A A 

163S.1A7 

59 

1 

98602 

2 

39E-28 

• OA  A 

56.8AS 

60 

1 

9877a 

1 

llE-29 

•Oa2 

A2.22A 

61 

1 

99103 

2 

19E-28 

• 0a2 

AU.550 

6? 

2 

0006a 

5 

HCE-29 

• 0a2 

1S98.16A 

63 

2 

00a95 

2 

AAE-28 

• OAl 

S6«827 

6A 

2 

0Ua91 

2 

21E-28 

• 0 A A 

aO  .536 

65 

2 

011S9 

1 

13E-25 

• O A A 

A2.200 

66 

2 

01509 

5 

«*E-29 

• OA  A 

1S98.1A9 

67 

2 

01S89 

1 

31E-29 

• OAl 

79.565 

68 

2 

01677 

2 

61E-28 

•OAl 

75.819 

69 

2 

0281  1 

2 

69E-28 

•OAl 

97.52a 

70 

2 

029A9 

6 

85E-29 

•OAl 

163S«u9a 

71 

2 

03011 

1 

95E-28 

• 0a5 

26.93a 

72 

2 

03861 

2 

tie-28 

• OaO 

121*9a2 

73 

2 

03976 

1 

3SE-29 

• OAO 

128*398 

7* 

2 

0a90a 

2 

65E-28 

• 039 

1a9«072 

75 

2 

ObAia 

7 

06E-29 

• OAO 

1683.390 

76 

2 

05892 

2 

5AE-28 

• 039 

178.912 

77 

2 

061  A3 

1 

25E-2S 

• 039 

188.71a 

78 

2 

06853 

2 

38E-28 

• 039 

211.A61 

79 

2 

06938 

1 

61E-28 

• OA  7 

16.033 

80 

2 

07672 

6 

55E-29 

• 039 

17a3*0a3 

81 

2 

07792 

2 

18E-28 

•038 

2A6.718 

82 

2 

08181 

1 

05E-25 

• 038 

260.901 

83 

2 

08a32 

8 

AlE-26 

• 0A7 

16.253 

8A 

2 

08715 

1 

97E-28 

• 036 

28A.681 

85 

2 

08728 

A 

32E-29 

• 0A7 

1572.A86 

86 

2 

09623 

1 

7AE-28 

• 03a 

325.350 

87 

2 

09798 

5 

56E-29 

•038 

181A.0A1 

88 

2 

10139 

8 

23E-26 

• 03A 

3A3.7A8 

89 

2 

10S19 

1 

52E-28 

• 035 

368.^22 

90 

2 

1 1A06 

1 

30E-2S 

• 036 

aIa.795 

91 

2 

lliAA 

A 

37E-29 

• 03A 

1896.373 

92 

2 

120A2 

5 

97E-26 

• 036 

a38*AA2 

93 

2 

12285 

1 

09E-28 

• 036 

A63.S69 

9a 

2 

13151 

9 

03E-29 

•035 

S15.UA1 

u 

0 

0 

0 

0 

1 

w 

0 

u 

1 

0 

0 

0 

1 

0 

0 

0 

1 

u 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

0 

I 

0 

0 

0 

0 

1 

0 

0 

0 

0 

1 

0 

1 

0 

0 

0 

I 

0 

0 

0 


J' 

< ' 

V ' 

' J' 

■i<' 

' ID 

0*TE 

ISO 

11 

1 1 

C 

10 

1 1 

11- 

75 

2 

2 

0 

3 

2 

2* 

7r; 

ad 

10 

10 

0 

9 

10 

lu- 

71 

bS 

9 

9 

0 

8 

9 

9- 

71 

o 1 

9 

9 

0 

8 

9 

9- 

7l 

a b 

9 

9 

1 

8 

9 

9- 

75 

»f> 

3 

3 

u 

A 

3 

3* 

75 

b<> 

3 

3 

0 

A 

3 

3* 

75 

t(J 

8 

8 

u 

7 

M 

8> 

75 

68 

3 

3 

1 

A 

3 

JA 

75 

66 

7 

7 

0 

6 

7 

7- 

75 

68 

7 

7 

0 

6 

7 

7- 

75 

6b 

A 

A 

0 

5 

A 

AA 

75 

68 

7 

7 

1 

6 

7 

7- 

75 

6b 

6 

6 

0 

5 

6 

6» 

75 

68 

5 

5 

0 

6 

5 

5» 

75 

6b 

5 

S 

0 

6 

5 

5a 

75 

68 

5 

5 

1 

6 

5 

5a 

75 

66 

6 

6 

0 

7 

6 

6a 

75 

68 

5 

5 

0 

A 

5 

5- 

75 

68 

5 

5 

0 

* 

5 

5- 

7r 

66 

5 

5 

1 

A 

5 

5- 

71 

66 

7 

7 

0 

8 

7 

7a 

76 

66 

7 

7 

0 

8 

7 

7a 

75 

68 

8 

8 

0 

9 

8 

8a 

75 

68 

7 

7 

1 

9 

7 

7a 

75 

66 

A 

A 

0 

3 

A 

A» 

75 

68 

9 

9 

0 

10 

9 

9A 

75 

68 

9 

9 

0 

10 

9 

9a 

75 

66 

10 

10 

0 

11 

10 

10a 

75 

68 

9 

9 

1 

10 

9 

9a 

75 

66 

n 

11 

0 

1? 

11 

llA 

75 

68 

n 

1 1 

0 

12 

11 

llA 

75 

66 

12 

12 

0 

13 

12 

12a 

75 

68 

3 

3 

0 

2 

3 

3- 

75 

68 

n 

11 

1 

12 

11 

llA 

75 

66 

13 

13 

0 

lA 

13 

13a 

75 

68 

13 

13 

0 

lA 

13 

13a 

7b 

66 

3 

3 

0 

2 

3 

3- 

75 

66 

lA 

1 A 

0 

15 

lA 

lAA 

75 

68 

3 

3 

1 

2 

3 

3- 

75 

66 

15 

15 

0 

16 

15 

15a 

75 

68 

13 

13 

1 

lA 

13 

13A 

75 

66 

15 

19 

0 

16 

15 

15a 

75 

66 

16 

16 

0 

17 

18 

16A 

75 

68 

17 

17 

0 

18 

17 

17a 

75 

68 

15 

15 

1 

16 

15 

15a 

75 

66 

17 

17 

0 

18 

17 

17a 

75 

66 

18 

18 

u 

19 

18 

18a 

75 

68 

19 

19 

0 

20 

19 

19a 

75 

68 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 
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RIVERSIOE  RESEUCH IRSTITUTE 


Table  I (Cont'd) 


OXtOtNtxlST 


*bSOBPT10N  LINE  P*«*-eTE«S  FOX  MOLECULAR  OXTOEN  ISOTOPES  IaFCRL  F0N“>*T > 


95 

9* 

97 

9S 

99 

100 

101 

102 

103 

IQA 

109 

10* 

107 

101 

109 

110 
111 
112 
113 
IIP 
115 
11* 
117 
IIB 

119 

120 
121 
122 
123 
12P 
125 
U* 

127 

128 

129 

130 

131 

132 

133 
13P 
139 
13* 

137 

138 

139 
IPO 
IPI 
1P2 
1P3 
IPP 


FREO 

STREnOTM  xIOTm 

E" 

V 

K' 

2> 1383* 

3*19E-29  *03* 

1990*025 

1 

17  17 

2*13907 

*i*0**E*2*  *035 

5pp*5*6 

0 

19  19 

2*1p02p 

7*35E"29  *035 

5*9*208 

0 

20  20 

2*lP8B* 

5*90E-29  *035 

*2**070 

0 

21  21 

2*19239 

1*18E-2B  *0p8 

7*80P 

0 

2 2 

2*  lb7*»** 

<***6C-29  *03p 

*85**2l 

0 

22  22 

2*197p* 

2*6*E*2*  <035 

**£*103 

0 

21  21 

2*15790 

2*17E"29  *035 

209P*982 

1 

19  19 

2*1*698 

3**2E-29  *032 

747*8*7 

0 

23  23 

2*  17<»60 

2*78E*29  *032 

8'l2*F98 

0 

2p  2P 

2*175*P 

l*52E-2*  *032 

791 *03P 

0 

23  23 

2*17715 

l*39E-29  *035 

2211*225 

1 

21  21 

2*18298 

2*10E-29  *032 

880*P13 

0 

25  25 

2*191P5 

l*5*E-29  *032 

950*711 

0 

2*  2* 

2*193*8 

8*p9E"27  *032 

931*339 

0 

25  25 

2*19*19 

a*29E"30  *032 

2338*737 

1 

23  23 

2*19989 

1*1pE*>29  *032 

1023**88 

0 

27  27 

2*20832 

8*28E«3U  *032 

1099«3p1 

0 

28  28 

2*21160 

<**P5E"27  *032 

1082*99P 

0 

27  27 

2*2150* 

*>***E>30  *032 

2P77.P9S 

1 

25  25 

2*21*7p 

5*90E"30  *032 

1177***8 

0 

29  29 

2*2251P 

*.*15E"30  *032 

1258***7 

0 

30  30 

2*229p3 

2*20E>27  *032 

12pS*975 

0 

29  29 

2*2p720 

1*02E"2T  *032 

1P20*255 

0 

31  31 

2*2*<*92 

*>*P8E«28  *032 

1*05*80* 

0 

33  33 

2*282*0 

1*86E"28  *032 

1802*598 

0 

35  35 

2*3002* 

7*2pE«29  *032 

2010*599 

0 

37  37 

2*31789 

2**7E-29  *032 

2229* F74 

0 

39  39 

2*33661 

5*29E«3P  *032 

2P*0*088 

0 

Pi  PI 

3*9*108 

l*00E-26  *050 

0*000 

0 

1 1 

3*9*1p0 

1*9PE>28  *050 

0*5*3 

0 

1 1 

3*97713 

5*17E"29  *050 

155**378 

1 

1 1 

7*803*0 

2*91E-28  *050 

0*000 

0 

1 2 

9*95599 

1**7E>28  *050 

0*000 

0 

2 2 

il*50B5* 

**25E-29  *0p8 

4*525 

0 

2 3 

i2*1311B 

1*1pE-29  *0p8 

15*0*356 

1 

2 3 

12*29178 

2*22E>2*  *0p8 

3*9*1 

0 

2 3 

l3*PO0*0 

p*72E>28  *0P5 

2**33 

0 

c 3 

1%*02102 

1*25E>28  *0p9 

1698*P*5 

1 

2 3 

1P*1*8S8 

2*P3E>26  *0p5 

2*U8p 

0 

2 3 

15*P*998 

2*05E"28  *0p5 

2**33 

0 

3 3 

1**10831 

5*38F“29  *0P5 

1558*P*5 

1 

3 3 

1**25289 

1*0pE>25  *0p9 

2*0BP 

0 

3 3 

1**97828 

8*p1E>29  *0p8 

9*95* 

0 

3 ^ 

18*909*1 

6*39E-28  *0P7 

8*025 

0 

3 ^ 

20*93973 

2*pOE“28  *0p7 

8*025 

0 

k ^ 

22*P3321 

1*22E«28  *0P5 

18*103 

0 

# % 

23*57570 

3*2pE«29  *0p9 

1574*574 

1 

# 9 

23*8*295 

**28E>2*  «0P5 

18*337 

0 

# 9 

2P*38978 

7*75E-28  *OPp 

1*»14* 

0 

k 9 

V ' 

J"K'  ' IC 

OA'^r  : 

SO  - 

0 

1 

18  17  17* 

b6 

V 

0 

20  19  19* 

7 6 

** 

? 

0 

21  20  20* 

7*; 

6'^ 

7 

0 

22  21  2lP 

76 

fci 

7 

0 

1 2 2» 

75 

b* 

7 

0 

23  22  22* 

7b 

*8 

7 

0 

22  21  21* 

75 

7 

1 

20  19 

7b 

*b 

' 

0 

2P  23  2JP 

7b 

*1 

y 

0 

25  2P  2P* 

76 

hr. 

7 

0 

2P  23  23* 

7 b 

bb 

7 

1 

22  21  21* 

7 b 

** 

7 

0 

2*  25  25* 

76 

68 

7 

0 

27  2*  2** 

76 

6.4 

7 

0 

2*  25  25* 

7b 

*6 

7 

1 

2p  23  23* 

75 

*6 

7 

0 

28  27  27* 

75 

7 

0 

29  28  28* 

75 

*3 

7 

0 

28  27  27* 

75 

*6 

7 

1 

2*  25  25* 

75 

** 

7 

0 

30  29  29* 

76 

63 

7 

0 

31  30  30* 

75 

63 

7 

0 

30  29  29* 

75 

b* 

7 

0 

32  31  31* 

75 

** 

7 

0 

3P  33  33* 

75 

*b 

7 

0 

3*  35  35* 

76 

** 

7 

0 

38  37  37* 

75 

** 

7 

0 

40  39  39* 

76 

** 

7 

0 

42  Pi  Pi* 

76 

*6 

7 

0 

0 1 !■ 

75 

** 

7 

0 

0 1 !■ 

75 

68 

7 

1 

Oil" 

75 

** 

7 

0 

1 0 SO 

75 

*8 

7 

0 

1 0 8H 

75 

*8 

7 

0 

1 1 SF 

75 

*8 

7 

1 

1 1 8F 

75 

** 

7 

0 

1 1 8F 

75 

** 

7 

0 

2 1 SO 

75 

*8 

7 

1 

2 1 60 

75 

** 

7 

0 

2 1 SO 

75 

** 

7 

0 

2 1 SH 

75 

*8 

7 

1 

2 1 SH 

75 

** 

7 

0 

2 1 SH 

75 

** 

7 

0 

2 2 SF 

75 

*8 

7 

0 

3 2 SO 

75 

*8 

7 

0 

3 2 SH 

75 

*8 

7 

0 

3 3 8F 

75 

*8 

7 

1 

3 3 SF 

75 

** 

7 

0 

3 3 SF 

75 

** 

7 

0 

P 3 SO 

75 

*8 

7 

F-1/306-3-14 
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RIVERSIDE  RESEMCH  INSTITUTE 


Table  I (Cont'd) 

JxroFSELXiST  ABSORPTION  ..INE  paRA»ET£RS  f «OlECUl*R 


PHECi 

strength  nIOTh  E" 

V 

J*  K* 

1*5 

25i5377* 

2 * 05E*28  * 0** 

1572*612 

1 

^ s 

1*6 

<;5>ai252 

3*96E-25  *0** 

16*388 

0 

4 9 

1*7 

C6i35*65 

2*65E-28  *0** 

16*1*6 

0 

5 9 

1*B 

27*55283 

7*08E-29  *0** 

1572*612 

1 

9 9 

1*5 

27*82*11 

1*37E-29  *0** 

16*388 

0 

5 b 

1 50 

27*88050 

l*53E-28  *0** 

28*56* 

0 

5 4 

151 

2S*85635 

8*87E-28  *0*3 

26*989 

0 

9 4 

152 

jl  *8*2*1 

2*92E-28  *0*3 

26*989 

0 

4 4 

153 

j3*32*07 

l*7SE-28  *0*3 

*2*9*1 

0 

4 7 

15* 

J**582*5 

**71e-25  *0*3 

1600*16* 

1 

4 7 

1 55 

j5*31505 

9*69E-28  *0*2 

*0*550 

0 

4 7 

156 

85*39530 

5*lCE-26  *0*3 

***212 

0 

4 7 

157 

86*  saauB 

2*55E-28  *0*2 

1598*16* 

1 

4 7 

151 

87*21562 

3*u6E"28  *0*2 

*0*550 

0 

7 7 

155 

87*38805 

**91E«29  *0*2 

*2*22* 

0 

4 7 

160 

88  * 76386 

1*96E-28  *0*3 

58*831 

0 

7 8 

161 

88*55558 

8*ClE-25  *0*2 

1598*16* 

1 

7 7 

16  2 

85*35655 

S*5*E"29  *0*2 

*2*22* 

0 

7 7 

163 

*0  * 768*2 

l*02E-27  *0*1 

S6*8?7 

0 

7 • 

16* 

*2*  729*6 

3*13e«2H  *0*1 

56*827 

0 

8 8 

165 

**  *20080 

2*07E*28  *0*2 

77*835 

0 

8 9 

166 

*<  *21758 

1*0*E«27  *0*1 

75*819 

0 

B 9 

167 

*6*373*1 

5**0E«25  *0*2 

1637*123 

1 

B 9 

168 

*6*51156 

1*0*E>29  *0*2 

81 *981 

0 

1 • 

165 

*8*162*5 

3*12E>28  *0*1 

75*819 

0 

9 9 

1 70 

*8**0290 

2*71E«28  *0^1 

1635*09* 

1 

1 9 

I7l 

*8*927*9 

S*22E*2S  *0*1 

79*565 

0 

8 9 

17? 

*5*63509 

2*llE-28  *0*2 

99*552 

0 

9 10 

173 

sO  * 3505* 

8*09E>25  *0*1 

1835*09* 

1 

9 9 

17* 

s0*87292 

1'56E**25  *0*1 

79*565 

0 

9 9 

175 

51*66320 

1*03E"27  *0*1 

97*52* 

0 

9 10 

176 

53*596P1 

3*0*E-28  *0*1 

97*92* 

0 

10  10 

17  7 

55*066/8 

2*08E«28  *0*1 

123*981 

0 

10  11 

1 7| 

07*10558 

l*OOE-27  *0*0 

121*9*2 

0 

10  11 

175 

57*79231 

5*37E-29  *0*1 

1689**** 

1 

10  11 

1 80 

58**1963 

l*03E-25  *0*1 

130**38 

0 

10  11 

181 

s9*02856 

2*50E«28  *0*0 

121*5*2 

0 

11  11 

182 

59*80650 

2*58E*28  *0*0 

1*83*390 

1 

10  11 

183 

60**5535 

**95E-29  *0*0 

128*398 

0 

10  11 

18* 

60**9582 

2*01E-28  *0*1 

151*121 

0 

11  If 

185 

61*729** 

7**5E-29  *0*0 

1683*390 

1 

11  11 

186 

62*37713 

l**3E-25  *0*0 

128*398 

0 

11  11 

187 

62*5**86 

S**9E-28  *039 

1*9*072 

0 

11  If 

188 

6*  * *5768 

2*72E«28  *035 

1*9*072 

0 

12  12 

185 

65*92213 

1*89E-2B  *0*1 

180*971 

0 

12  13 

150 

67*58106 

8*tl2E*>28  *039 

178*912 

0 

12  13 

151 

o5*11929 

**80E«25  *0*1 

17*5*120 

1 

12  13 

152 

69*88*07 

2*50E**2S  *039 

178*912 

0 

13  13 

153 

65*50770 

9*19E-26  *0*1 

190*775 

0 

12  13 

15* 

71*15601 

2*2*E-28  *039 

17*3.0*3 

1 

If  13 

oxtjen  Isotopes  iapcrw  pokiati 


1 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 

0 

0 

1 

0 

0 

0 

0 

0 

1 

0 

0 

1 


' j' 

•k' 

' ID 

date 

: SJ 

-'J 

* 

3 

SO 

75 

66 

7 

* 

3 

SO 

75 

66 

7 

* 

3 

Sh 

75 

69 

* 

3 

SH 

75 

65 

7 

* 

3 

SH 

75 

6 a 

•’ 

* 

* 

SF 

75 

6* 

7 

5 

* 

SO 

7«-, 

68 

1 

5 

* 

SH 

75 

6t! 

5 

5 

SP 

75 

69 

7 

5 

5 

SP 

75 

6 6 

7 

6 

9 

SO 

75 

68 

7 

5 

9 

SP 

75 

66 

7 

6 

5 

so 

75 

66 

7 

6 

5 

SH 

75 

6K 

7 

6 

5 

so 

75 

66 

7 

6 

6 

SP 

75 

68 

7 

6 

5 

S« 

75 

66 

7 

6 

5 

Sm 

75 

66 

7 

7 

6 

so 

75 

69 

7 

7 

6 

SH 

75 

68 

7 

7 

7 

SP 

75 

68 

7 

8 

7 

sc 

75 

6.9 

7 

7 

7 

SP 

75 

66 

7 

7 

7 

SP 

75 

66 

7 

8 

7 

SH 

75 

69 

7 

8 

7 

so 

75 

66 

7 

8 

7 

so 

75 

66 

7 

8 

8 

SP 

75 

68 

7 

8 

7 

SH 

75 

66 

7 

8 

7 

SH 

75 

66 

7 

9 

8 

so 

75 

69 

7 

9 

8 

SH 

75 

68 

7 

9 

9 

SP 

75 

68 

7 

10 

9 

so 

75 

68 

7 

9 

9 

8P 

75 

66 

7 

9 

9 

SP 

75 

66 

7 

10 

9 

SH 

75 

68 

7 

10 

9 

sc 

75 

66 

7 

10 

9 

so 

75 

66 

7 

10  10 

SP 

75 

68 

7 

10 

9 

8H 

75 

66 

7 

10 

9 

SH 

75 

66 

7 

11  10 

so 

75 

68 

7 

11  10 

SH 

75 

68 

7 

11  1 

SP 

75 

68 

7 

12  1 

so 

75 

68 

7 

11  1 

SP 

75 

66 

7 

12  1 

SH 

75 

68 

7 

11  1 

SP 

75 

66 

7 

12  1 

so 

75 

66 

7 
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RIVCRSIDE  RESEMCR  INSTITUTE 


Table  I (Cent ' d ) 


-xrofNEx^St  aBSCROTION  Llf.t  PARAIETExS  P0'<  MOLECULAR  OXTQEN  ISOTOPES  (aFCPL  FORMAT) 


FRtO 

stmengtm 

aIDTm 

E'  • 

V 

J' 

8 ' 

V ' ' 

J' ' 

K ' ' 

ID 

oate 

ISO 

*•  j 

’.‘<5 

/I *36658 

1 • 76E-28 

• 060 

213^530 

0 

13 

16 

0 

12 

12 

8F 

75 

68 

7 

H6 

/I *96913 

6 

28E-25 

• 039 

185^716 

0 

12 

13 

0 

12 

11 

SO 

75 

66 

y 

IR7 

73*09662 

6 

32E-29 

• 039 

1763.063 

1 

13 

13 

1 

12 

11 

SM 

75 

66 

7 

73*61611 

8 

03E-28 

*039 

211.661 

0 

13 

1 6 

0 

13 

12 

SO 

7S 

68 

7 

1-J9 

73*86939 

1 

21E-25 

• 039 

Its.  716 

0 

13 

13 

0 

12 

11 

SM 

75 

66 

7 

? JC 

75*30761 

L 

25E-28 

• 039 

211.661 

0 

16 

1 6 

0 

13 

12 

SM 

76 

68 

7 

2C1 

76*76602 

1 

57E-28 

• 038 

268.796 

0 

16 

15 

0 

13 

13 

6F 

75 

61 

7 

2u? 

7H • «639a 

7 

18E-28 

*038 

266.718 

0 

16 

15 

c 

16 

13 

60 

75 

68 

7 

?0  3 

au • 67360 

3 

92E-29 

*038 

1816. 139 

1 

16 

15 

1 

13 

13 

sr 

75 

66 

7 

? 

aC*  72815 

2 

w 0 E * 28 

*038 

266. 718 

0 

15 

15 

0 

16 

13 

SM 

75 

6 6 

7 

al *38685 

7 

68E-26 

*038 

262.583 

0 

16 

15 

0 

13 

13 

SF 

76 

66 

7 

2C6 

a2*18328 

1 

39E-28 

• 038 

286.769 

0 

15 

16 

0 

16 

16 

SF 

75 

61 

t 

?07 

a2*57i3a 

1 

79E-28 

*038 

1816.061 

1 

16 

15 

1 

16 

13 

SO 

75 

06 

7 

?-a 

b3*66866 

3 

61E-25 

*038 

263.501 

0 

16 

15 

0 

16 

13 

SO 

75 

66 

7 

209 

#6 1 27Q6  3 

6 

30E-28 

*036 

286.681 

0 

15 

16 

0 

15 

16 

SO 

75 

61 

7 

2iu 

a6 • 65053 

6 

97E“29 

*038 

1816.061 

1 

15 

15 

1 

16 

13 

Sf. 

75 

66 

7 

21  i 

b5  * 36876 

9 

66E-26 

• 038 

260.501 

0 

15 

15 

0 

16 

13 

SM 

75 

66 

7 

212 

a6*16SSl 

1 

76E«28 

• 036 

206.681 

0 

16 

16 

0 

15 

16 

SM 

75 

68 

7 

213 

87*59720 

1 

21E-28 

• 036 

327.666 

0 

16 

17 

0 

15 

lb 

SF 

75 

68 

7 

2lA 

a9*69363 

6 

• 6E-28 

• 036 

325.350 

16 

17 

0 

16 

IS 

SO 

75 

68 

7 

215 

al  *55956 

1 

69E>28 

• 036 

325.350 

17 

1 7 

0 

16 

15 

SM 

7b 

68 

7 

216 

al *81322 

2 

96E-25 

• 036 

1898.692 

• 

16 

17 

1 

15 

15 

SF 

75 

66 

7 

217 

a2*85lb9 

5 

62E-26 

• 036 

365.850 

0 

16 

17 

0 

15 

IS 

SF 

75 

66 

7 

218 

93*00758 

1 

03E-28 

*037 

370.827 

0 

17 

18 

0 

16 

16 

SF 

75 

68 

7 

219 

93*93166 

1 

33C-28 

*036 

1896.373 

1 

16 

17 

1 

16 

10 

SO 

76 

66 

7 

220 

96*95307 

2 

52E-25 

• 036 

363.768 

0 

16 

17 

0 

16 

15 

so 

75 

66 

7 

221 

95*11278 

6 

61E-28 

*035 

368.722 

0 

17 

18 

0 

17 

16 

so 

75 

68 

7 

222 

95*  79035 

3 

65E-29 

• 036 

1896.373 

1 

17 

1 7 

1 

16 

15 

SM 

75 

66 

7 

223 

96*81382 

6 

91E-26 

• 036 

363.768 

0 

17 

17 

0 

16 

15 

SM 

75 

66 

7 

22* 

96*97006 

1 

?6E**28 

• 035 

368.722 

0 

18 

18 

0 

17 

16 

SM 

75 

68 

7 

225 

98*61625 

H 

67E*»29 

• 037 

616.909 

0 

18 

19 

0 

17 

17 

SF 

75 

68 

7 

226 

100*52832 

3 

85E-28 

• 036 

616.795 

0 

18 

19 

0 

18 

17 

60 

75 

68 

7 

227 

1o2*376B6 

1 

05E-28 

• 036 

616.795 

0 

19 

19 

0 

18 

17 

SM 

75 

68 

7 

228 

lw3* 13716 

2 

08E-29 

• 037 

1992.166 

1 

18 

19 

1 

17 

17 

SF 

75 

66 

7 

229 

1u3*81702 

7 

16E-29 

• 037 

665.692 

0 

19 

20 

0 

18 

18 

SF 

75 

68 

7 

230 

1 06  * 30063 

3 

92E-26 

• 037 

660.562 

0 

18 

19 

0 

17 

17 

SF 

75 

66 

7 

231 

1o5*27552 

9 

23E-29 

•036 

1990.025 

1 

18 

19 

1 

18 

17 

80 

75 

66 

7 

232 

1o5*93987 

3 

17E-28 

• 036 

663.569 

0 

19 

20 

0 

19 

18 

SO 

75 

68 

7 

233 

lo6*62105 

1 

76E-2S 

• 036 

638.662 

0 

18 

19 

0 

18 

17 

so 

75 

66 

7 

23a 

107*11629 

2 

50E-29 

• 036 

1^90.025 

1 

19 

19 

1 

18 

17 

SM 

75 

66 

7 

235 

107*77973 

8 

56E-29 

• 036 

663.569 

0 

20 

20 

0 

19 

18 

SM 

75 

68 

7 

236 

1o8*26306 

6 

72E**26 

• 036 

638.662 

0 

19 

19 

0 

18 

17 

SM 

75 

66 

7 

237 

lu9*21568 

5 

82E-29 

• 036 

517.172 

0 

20 

21 

0 

19 

19 

8F 

75 

68 

7 

238 

111*36725 

2 

56E**28 

• 035 

515.061 

0 

20 

21 

0 

20 

19 

SO 

75 

68 

7 

239 

113*17852 

6 

90E**29 

• 035 

515.CI61 

0 

21 

21 

0 

20 

19 

8H 

75 

68 

7 

2A0 

1 16*66353 

1 

36E-29 

• 036 

2097.160 

1 

20 

21 

1 

19 

19 

8F 

75 

66 

. 

2A1 

116<61U06 

6 

65E*>29 

• 036 

571.369 

0 

21 

22 

0 

20 

20 

SF 

75 

68 

7 

2A2 

115*73199 

2 

56E-26 

• 036 

566.705 

0 

20 

21 

0 

19 

19 

SF 

75 

66 

7 

263 

Il6i60l62 

5 

99E-29 

• 035 

2096.982 

1 

to 

21 

1 

20 

19 

80 

75 

66 

7 

266 

116*75028 

2 

06E-28 

• 035 

569.208 

0 

21 

22 

0 

21 

20 

SO 

75 

68 

7 
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RIVERSIDE  RESEtRCN  IRSTITUTE 


OXYOE 

•■tXJST  AB! 

E«E(J 

245 

117.87106 

246 

118.42066 

?»7 

118.57303 

2»8 

119.69469 

249 

119.99990 

?;c 

1^2.14877 

251 

lf3. 96305 

252 

125.38508 

243 

125. 73u96 

254 

127. 14400 

255 

.27.54252 

256 

127.90771 

257 

129.30146 

258 

129.34838 

259 

129.70769 

260 

130.76*^35 

261 

1 j1  * 10704 

262 

132.93134 

263 

I34  • 72882 

264 

1 36  * 1 4CS3 

265 

’ 36*99647 

266 

138*31503 

267 

138.53489 

268 

I39  19266 

269 

1 4 J . 1 U 4 1 7 

270 

140.71053 

271 

140.97360 

272 

l4l .51041 

273 

U2. 49829 

274 

143.69339 

275 

143.47423 

276 

146.87478 

277 

149.06623 

278 

149.90285 

279 

IsO. 45451 

280 

150.83879 

281 

152*09653 

282 

1s2*2334S 

283 

153*86664 

284 

154*43335 

285 

I56* 19765 

286 

157.58621 

287 

159.79453 

288 

161*24605 

289 

161*55061 

290 

161*69148 

291 

163*45765 

292 

165*14960 

293 

165*21027 

294 

1 70.49833 

Table  I (cont'd) 

*BSC«PTICN  LINE  P*P*.eTE«8  Fqn  HOLECulAR  OXVO-N  ISOVQPES  (*FCKl  .unh.,, 
strength  »IOTh  y.  ,,  _ 


l'l’E-29  .035 
l.Pie-29  .035 
5.<«7E«29  .035 
3.02C-26  .035 
3.66E-i*9  .035 
1<6UF-2S  .035 
‘•>2aE-29  .035 
2*S'»fc«29  .036 
■•3SE-30  .035 
1'56Eh26  .035 
1 • 2«Eh2I  . 03n 
3.6<.Eh29  .035 
6.79E-26  .035 
3.30E-29  .03*. 
9.73E-3U  .035 
2.17E-29  .035 
1*B1Eh26  .035 
9.*1E"29  .032 
2*50E"29  .032 
l<63E-29  .030 
*.«0E-3U  .035 
7*06E-29  .032 
R*'>LE-27  .035 
2.C8E-29  .032 
1*«7E-29  .032 
3'86e-26  .032 
5*S3E*30  .032 
l<21E<i29  .032 
1*02E«24  .032 
5*22E«29  .032 
1<38E-29  .032 
8*85E"3W  .032 
3*81.-29  .032 
*>.78E-27  .032 
l*12E-29  .032 
l*CilE-29  .032 
2.06E-26  .032 
6.37E-3U  .032 
S.ooE-27  .032 
2.70E-29  .032 
7.21E-30  .032 
0.52E-30  .032 
1.90E-29  .032 
2***1E-27  .032 
5*10E-30  <032 
5*68E-3U  <032 
l'03E-26  .032 
1-35E-29  .032 
2*72E-27  .032 
9.33E-30  .032 


5N4.546 
209N.982 
569.208 
5*.*. 566 
628.219 
626.070 
626.070 
687.782 
2213***02 
66*.. 261 
685.62*. 
2211.225 
662.103 
685.62*. 
2211*225 
750.033 
662*103 
7*.7.867 
747.867 
81*.. 972 
23*.0*933 
812*798 
793.210 
2338*737 
812*  798 
791.03*. 
2338.737 
882.596 
791*03*. 

880*413 
880.413 
952*902 
950.711 
933.533 
2477.495 
950.711 
931 *339 
1025*887 
931.339 
1023*688 
1023*688 
1101*549 
1099*341 
1085*206 
1099.341 
2627.478 
1082*994 
1177.668 
1082*994 
1258.667 


20  21 
21  21 
22  22 
21  21 
22  23 

22  23 

23  23 
23  24 
22  23 

22  23 

23  24 
22  23 

22  23 

24  24 

23  23 

24  25 

23  23 

24  28 

25  29 
25  26 

24  29 

25  26 
24  29 
24  25 

26  26 

24  29 

25  25 

26  27 

25  29 

26  27 

27  27 
? 28 

27  28 
26  27 
26  27 

28  28 

26  27 

28  29 

27  27 

28  29 

29  29 

29  3 0 

29  30 
28  29 

30  30 
28  29 

28  29 

30  31 

29  29 

31  32 


V ' 

' J"K* 

' 10 

0*TE 

ISO 

'*0 

0 

20  19 

SO 

75 

66 

7 

1 

20  19 

SM 

75 

66 

7 

0 

21  20 

8m 

76 

68 

7 

0 

20  19 

9H 

75 

66 

7 

0 

21  21 

SF 

75 

68 

7 

0 

22  21 

SQ 

75 

68 

7 

0 

22  21 

SH 

73 

68 

7 

0 

22  22 

SF 

75 

68 

7 

1 

21  21 

SF 

75 

6b 

7 

0 

21  21 

SF 

75 

66 

7 

0 

23  22 

SQ 

75 

68 

7 

1 

22  21 

SQ 

75 

66 

7 

0 

22  21 

SO 

75 

66 

7 

0 

23  22 

Sh 

75 

69 

7 

1 

22  21 

Sh 

75 

6b 

? 

0 

23  23 

SF 

75 

69 

7 

0 

22  21 

Sm 

75 

66 

1 

0 

24  23 

SQ 

75 

69 

7 

0 

24  23 

SH 

75 

68 

7 

0 

24  24 

SF 

75 

68 

7 

1 

23  23 

SF 

75 

66 

7 

0 

25  24 

SO 

75 

68 

7 

0 

23  23 

SF 

75 

66 

7 

1 

24  23 

SQ 

75 

66 

7 

0 

25  24 

SH 

75 

68 

7 

0 

24  23 

SQ 

75 

66 

7 

1 

24  23 

Sh 

75 

66 

7 

0 

25  25 

SF 

75 

68 

7 

0 

24  23 

Sh 

75 

66 

7 

0 

26  25 

SQ 

75 

68 

7 

0 

26  25 

Sh 

75 

68 

7 

0 

26  26 

SF 

75 

68 

7 

0 

27  26 

SO 

75 

68 

7 

0 

25  25 

SF 

75 

66 

7 

3 

t 

26  25 

SO 

75 

66 

7 

0 

27  26 

SH 

75 

6H 

7 

0 

26  25 

SQ 

75 

66 

7 

0 

27  27 

SF 

75 

68 

7 

0 

26  25 

SH 

75 

66 

7 

0 

28  27 

SO 

75 

68 

7 

0 

28  27 

BH 

75 

68 

7 

0 

28  28 

SF 

75 

68 

7 

0 

29  28 

80 

75 

68 

7 

0 

27  27 

SF 

75 

66 

7 

0 

29  28 

SH 

75 

68 

7 

1 

28  27 

60 

75 

66 

7 

0 

28  27 

SO 

75 

66 

7 

0 

30  29 

SQ 

75 

68 

7 

0 

28  27 

8H 

75 

66 

7 

0 

31  30 

SQ 

75 

68 

7 
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Table  I (Conf  d) 

*asC9.T10N  Ljsf  FQ-x  «OLECUL.«  OXTOEn  ISOTOPES  ( *FC«l  rc.H.Ti 


STPENQTm  »IOTn 


V ' ' J'  I lu  DiTf  xi^ 


295 

1 /2*36267 

1 * 15E-27 

*032 

296 

1 7*. 79216 

4*89E“27 

*032 

297 

175*84053 

6*34E-30 

•032 

298 

1 76*52734 

1 *28E»27 

*?32 

299 

1«1  • 1 7599 

4*?bE»30 

*032 

30C 

163*85056 

5* 13E*28 

*032 

3C1 

l86*098u7 

2* 18E-27 

• 032 

302 

187*B16U2 

5*71E**2B 

•032 

303 

195*10879 

2*  17E**28 

•032 

304 

197*37371 

9* 19E-28 

*032 

305 

199*07447 

2*  40E-2B 

*032 

336 

2w6*33461 

8*63E»29 

*032 

307 

2w8*61722 

3*65E»28 

•032 

308 

210*90084 

9*50E»29 

•032 

3C9 

217*52647 

3*25E«29 

•032 

310 

219*82673 

: *37E-28 

*032 

311 

2.;1  *49328 

3*56E-29 

•032 

312 

228*68253 

1 • 15E-29 

*032 

313 

?jl  .OoO*-2 

4*86E-29 

•032 

314 

232*64995 

1 *c6E-?9 

*032 

315 

2j9*80093 

3*«8E“30 

*032 

316 

242* 13644 

1 *63E-29 

*032 

317 

243*76899 

4*21E-30 

*032 

318 

293*23294 

5*1 7E-30 

*032 

12«S<20V 

12*5«S75 

1342032 

I245«97b 

I428<6i3 

1<»22«502 

1420.255 

1420.255 

150S.071 

1*05.806 

1*05«80* 

1204.881 

1802*598 

1802.598 
2012*»99 

2010.599 
2010*599 
2232*092 
2229*  774 
2229*  774 
2482*424 
2480*U«8 
2463.088 
2701.504 


30  31 

30  31 

32  33 

31  31 

33  34 

32  33 

32  33 

33  33 

34  35 

34  35 

35  35 

36  37 

36  37 

37  37 

38  39 

38  39 

39  39 

40  41 

40  41 

41  41 

42  43 

42  43 

43  43 

44  45 


• 29  SF 
I 29  SO 
' 31  SO 
29  SH 

32  SG 
31  SF 
31  SO 
31  SH 

33  SF 
33  SQ 
33  Sh 
35  SF 
35  SG 
35  SH 
37  SF 
37  SO 
3 7 Sh 
39  SF 
39  SO 
39  SH 
41  SF 
41  iiO 

4l  SH 
43  SQ 


75  6a 
75  66 

7'j  0.4 

75  66 

75  61 

75  06 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 

75  66 
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and  Gordy^®  (Ref.  7 T-l/306-3-l4) ^ in  the  vibrational  ground 

state  (v  = v'  v'  ' = O),  and  on  those  of  Albritton,  et  al.^® 
(Ref.  5 of  T-1/306-3-1^) ^ in  the  first  excited  vibrational  state 
(v  = v'  = v' ' = l)  of  ^®02.  The  line-wjdchs  quoted  (WIDTH)  are 
nominal  values  adapted  from  a review  article  by  Krupenie.^® 

Units  are  as  follows;  frequency;  cm  integrated  line  strength 
at  296K;  cm  ^ per  (molecule  cm  ; half-width  at  half-maximum 
absorption;  cm  ^ atm  energy  E' ' of  the  lower  state  of  the 
transition  relative  to  the  vibrational  and  rotational  ground 
state;  cm  quantum  numbers  of  upper  (v',  J',  K' ) and  lower 
(v'',  J'',  K'')  stat;es;  shorthand  identification  of  transition; 
month  and  year  of  date  of  computation  (July  1975.);  isotope  code 
( 66  = 68  = 88  = ; molecular  constituent 

code  (7  = oxygen).  The  format  is  identical  with  that  of  the 
AFCRL  .^+-mospheric  Absorption  Line  Parameters  Compilation"*  with 
the  exception  that  the  frequency  is  given  to  five  decimal  places 
(FIO.5  format)  instead  of  three  (FIO.3). 

The  results  have  been  discussed  with  AFCRL  personnel,  as 
well  as  with  Drs.  Strandberg,  Mizushima,  Steinbach,  and  Zare 
(respectively  of  MIT/RLE,  Univ.  of  Colorado,  AFOSR,  and  Colum- 
bia Univ.)^  and  a deck  of  punched  cards  containing  the  card- 
image  records  in  the  file  listed  in  Table  II  was  sent  to  AFCRL 
on  28  July  1975.  (The  computations  of  line  strength  made  use 
of  some  unpublished  results  in  Steinbach' s thesis.®®)  The  line 
widths  must  be  viewed  as  preliminary,®  and  subject  to  update 
within  a year.®^ 

Fig.  1 gives  a sample  APL  program  used  to  generate  the 
data,  in  this  case  the  transition  frequencies.  Further  details 
are  contained  in  Ref.  2. 
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V 


::'Jd'l!l0  2\»-,£!/J  ; ElUnilWSiEHJPLUSiABOiABl  iAB  2tALl -.AMI  -.BBl  iB  B2i  Bill  i BM  0 i HMl  iMESSOiMESSl  ■,MESS2-,AiiGl  ; SDF  : 
o VtllS  PROGHAM  CALCULATES  THE  TRAtlSITIOH  FREQUEHCIES , 

fl  HUE,  HUG,  AHU  HUH  (IN  THE  SUBMM  REGION),  AND  THE  ENERGIES 
B OF  THE  RESPECTIVE  LOWER  STATES,  ELF,  ELG , AND  ELH, 
o ALL  GIVEN  IN  INVERSE  CM.  INPUTS  REQUIRED:  BO,  Bl,  B2, 


.51  53.) 


n LAMO,  LAHl,  MUQ,  AND  N INPUT  . 
n (EXAMPLE:  DIN  PUT'>-(  ( 2*  \ 27)-l)  PRODUCES  1 3 
'HEFNO  = ' .HEFNO 
'N INPUT:  '\N INPUT 

i?l--(  I 31  ) 

32--(  I 32) 

|;/30) 

MUl--( \MU1 ) 

N-NINPUT,  ( NISPUT^2) 

S0><W«(.Vvl  ) ) + (Bl»(  //*2)«(  (3  + 1 ).  2 ) ) + ( 2*t.4A/0»3  ) + ( 2xi/lMl*3*(3+l  ) ) - (MU  0*  (M’Jl  «3«(/V  + l ) ) ) 

ENJ*-SNJ-^(B2^(  H*3  ) »( ( 3 + 1 )»3  ) ) 

SNN->-((oN)i2)^EHJ 

430'^(.V*2)+1-.V 

4Bl-^(3*4  ) + ( 7«i'.V*2)  ) + 2-(  ( 2«(3*3)  )+(  6«3)  ) 

432-( 3*  6)  + ( 1 8> ( 3*4 ))  + (33«(3*2))  + 4-  ((3*(3*5))  + (31*(3*3))  + (18«3)) 

4il-*-(3*2)+4-3 
4/n*-(7«(3*2)  )+4-(7»3) 

3B1  + (U«( 3*3  ) ) + ( 6*3)-((  6*(3*2) ) + 2) 

Bfl2+( 6*(3*  5) ) + (32«(3*3) ) + (18«3)-(  ( 1 5*(3*4 ) ) + (33*(3*2) )+4 ) 

BB11*( 6«3)-3 
fl,'/ 0+3 -0.5 

a.Vl  + ( 2«  (3*3  ) ) + ( 9«3)-(  ( 3«(3*2)  )+4) 

MESS0*(  ri0«4fl0)  + (fll«4fll  ) + (B2«4fl2)  - ( (B4W0+3  )+(£4Wl*4£.l  +3  ) + ( 3«330t2  )+(  0 . 5*WB1«431  ) ) 
,'/>;BS1+(B0«(  ( 2«3)-1  ) ) + (fll«flfll)-(  (£430K(  2 *3 ) -1 ) ) + ( ( £4M1  *431 ) +fl£l  1 ) + ( 33 0 « B.VO  ) + ( 0 . 5 «<W  1 * BMl  ) ) 
3a’SSl+3i'SSl  + ( B2*BB2) 

3a’SB2+(£430  ) + (£431*4fl0) 

4B(,’1+(3BSS1  *2)  + (4*(3BSS2*2)*3*(  3-1  ) * ( ( ( 2*3) -1  ) *"2)  ) 

ENJMINUS*MESS0+(ARG1*0 . 5 ) 
i’l  0+3BSS0+3BSS1 
ENNMIN\*(  ( p 3 ) t 2 ) t ENJ MINUS 
a’333I31[l  ]+B10[l  J 
ENJPLUS-MESS0-(ARG1>'0.5) 

ENNPLU1*(  :>N)i2)iENJPLUS 

R EDF,  EDG,  AND  SDH  ARE  IN  GIGAHERTZ 

EOF- ( ( ( p 3 ) + 2 ) + ENJM IN US  )-ENN 

EDG*-  ( ( ( p 3 ) t 2 ) iENJMINUS ) -ENNPLUl 

EDH*  ( ( ( p 3 ) f 2 ) + ENJ  ) - ENNPLUl 

*(  Nil  :\*0)/CONTINUE 

B333I31[2]+B10[2] 

BloCl ]+B33[l ]+B333I31[l ]+B33P£Bl[l ] 

BBBCl  ]+0 

CONTINUE:SPEEDOFLIGHT*20.0102m0:^  [C//Z  PER  INVERSE  CM) 

H ELF,  ELG,  ELH,  NUF,  NUG,  AND  NUH  ARE  IN  INVERSE  CM. 

ELF*( ENN-EIOLI ] ) tSPEEDOFLIGHT 
ELG*  (ENNPLUl - El  Oil  ))  tSPEEDOFLIGHT 
ELH*  ELG 

NUF*EDFiSPEEDO FLIGHT 
NUG*EDG tSPEEDOFLIGHT 
NUH*EDH tSPEEDOFLIGHT 


Fig,  1:  Listing  of  APL  function  SUBMM02 
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III.  SIANT-PATH  ABSORPTION  MODEL  (SIAM)  DEVELOPMENT 


As  mentioned  in  Section  II,  one  of  the  main  objectives  of 
the  present  RRI  study  has  been  the  development  of  detailed  pre- 
dictions of  molecular  attenuation  as  a function  of  frequency 
and  altitude.  Because  narrow-band  sources  in  the  millimeter 
and  submillimeter  wave  regions  are  of  interest,  a frequency 
resolution  of  .001  cm  ^ — 30  MHz  was  chosen;  this  choice  is  com- 
patible with  the  data  resolution  in  the  well-known  AFCRL  line 
parameters  compilation.'*  Also,  in  the  interest  of  allowing 
cross-checks  with  already-existing  slant-path  calculations  (which 
heretofore  have  considered  only  water  and  (sometimes)  ozone  in 
the  submillimeter  region,  and  only  water  plus  oxygen  in  the  mil- 
limeter region),  a single  standard  atmospheric  model  wa?i  chosen 
initially:^  the  Midlatitude  Winter  Model  employed  by  McClatchey, 
et  al.^^  To  make  the  spectroscopic  data  as  up-to-date  as  pos- 
sible, the  most  recent  version  of  the  AFCRL  computer  tape  con- 
taining the  Atmospheric  Absorption  Line  Parameters  Compilation^ 
was  obtained; as  already  discussed  in  Section  II,  this  data 
was  supplemented  by  line  parameters  developed  at  RRI  for  oxygen^ 
and  carbon  monoxide^  in  the  region  below  250  cm~^.  (Other  species 
known  to  be  of  importance  in  this  spectral  region  at  high  alti- 
tude— on  the  basis  of  atmospheric  emission  spectra^°^  and  solar 
spectral  studies^*^^^ — are  to  be  added  at  a later  date.^^®) 

As  to  frequency  coverage  and  data  output  format,  it  was 
realized  from  the  outset^  that  the  results  must  be  useful  for 
analyzing  communications  systems  and  other  applications  in  this 
spectral  region,  not  only  at  ground  level,  but  also  with  trans- 
mitters and  receivers  at  higher  altitudes.  Hence,  emphasis  has 
been  placed  on  calculating  the  total  attenuation  (dB)  down  to  the 
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ground  and  out  into  space  at  any  given  frequency,  at  the  set  of 
reasonably  spaced  atmospheric  levels  given  in  McClatchey,  et  al, 
and  in  the  following  spectral  regions; ^ the  vicinity  of  the 
60  GHz  oxygen  band,  ’’  the  first  three  peaks  in  the  submillimeter 
spectrum  of  22,23,30  their  immediate  neighborhood, 

and  at  the  337~M^>^  HCN  laser  line.^^  In  addition,  the  model  was 
to  be  capable  of  predicting  absorptions  in  the  "window"  regions 
wherever  the  sea-level  attenuation  is  3 dB/km  or  less.^  This 
made  it  necessary  to  include  not  only  the  Lorentz^-’^^  and  Van 
Vleck-Weisskopf  line  profiles,  but  also  the  "kinetic"  (Gross/ 
Zhevakin-Naumov)  line  shapes  as  options.  (For  details,  see 
Tech.  Report  T-2/306-3~l4. To  make  the  results  readily  un- 
derstandable, provision  was  made  for  both  tabular  and  graphical 
output,  samples  of  which  appear  in  Figs.  2 and  3 and  in  Table 
III  (taken  from  Ref.  l) . At  each  altitude,  the  horizontal  at- 
tenuation (dB/km)  as  well  as  the  attenuation  down  to  the  ground 
and  u£  to  space  (dB)  are  given. 

Since,  at  the  present  time, ^ only  pressure  broadening  is 
considered,  the  program  is  only  nominally  valid  from  0 to  100 
km  altitude;  a more  realistic  range  of  validity  is  0 to  40  km. ^ 
Extensions  to  Voigt-type  profiles  will  extend  the  range  of 
validity  of  the  SLAM  program  in  the  near  future  to  the  higher 
altitudes,^  particularly  when  more  realistic  water  vapor  profiles^® 
than  are  used  by  McClatchey,  et  al^^are  included  in  the  model 
at  the  same  time.®^® 

The  principal  uncertainty  in  the  predictions  (besides  the 
obviously  variable  water  vapor  concentration)  is  tied  up  with 
the  still-nnresolved  issue  of  the  correct  line-shape  to  use  for 
the  water  vapor  absorptions^  as  well  as  with  the  oxygen  line 
widths  and  their  pressure  dependence. ^ As  an  illustration  of 
the  order  of  magnitude  of  the  line-shape  effect.  Figs.  2 and 
3 may  be  compared.  Both  refer  to  the  337-M-m  HCi.  ’ ~tr,er  line,  one 
with  a Van  Vleck-Weisskopf  profile,  the  other  with  the 
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Fig.  2:  SLAM  Graphical  Output  at  337^im,  WW  Profile 
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"kinetic"  profile.  For  comparison.  Fig.  4 is  presented,  giving 
a low-resolution  survey  of  the  entire  spectral  range  0.1  tain  to 
10  cm,  from  the  critical  review  by  the  late  G.  D.  Lukes,  which 
includes  representative  measurements  on  the  plot.  As  to  the 
oxygen  line  widths,^  part  of  the  problem  is  that  the  experimen- 
tal data  do  not  agree  very  well  with  the  sum-of-Lorentzians 
calculations  near  1 atm  in  the  microwave  region.^  Our  SLAM  out- 
put plots^^^  based  on  the  sum-of-Lorentzian  approach  agree  well 
with  the  data  in  Figs.  5 and  6 taken  from  Ref.  39.  The  submil- 
limeter line  widths  have  never  been  directly  measured,  and  only 
indirect  information  of  low  accuracy^®^ is  available.^ 

With  the  recent  development  of  workable  interacting-line  theories, 
it  should  soon  be  possible  to  improve  the  SLAM  program  to  in- 
clude them,®  just  as  Liebe  has  recently  done.^ 

Extensions  to  the  SLAM  program  to  dispersion  calculations 
and  turbulence  prediction  are  possible,  based  on  the  well-known 
integral  relationship  between  attenuation  and  dispersion,®  for 
"any"  assumed  line  profile.  The  dispersion  results  in  Figs.  5 
and  6 were  developed  on  the  basis  of  a Lorentzian  line  profile 
analysis,  for  example.  ®® 
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Fig.  4;  Attenuation  Due  to  Atmospheric  Gases  Along  a Zenith  | 

Path  Through  a Cloudless  Maritime  Polar  Atmosphere  ^ 

(After  Lukes,  Ref.  38.)  | 


J 
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Fig.  5 Horizontal  (homogeneous)  transmissivity  at  sea  level,  h - 0 to 
tions  are  shown  due  to  different  linewldth  values:  ® 666  MHz  - 

^ • 968  MHz.  (After  Liebe  and  Welch,  Ref.  39.) 
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Fig.  6 Horizontal  (homogeneous)  transmissivity  at  h = 10  km  U.S.  Std.  A^m.  62). 
Variations  are  shovm  due  to  different  linewidth  values;  (l)  yj^=255  MHz  - 25/i. 

(After  Liebe  and  Welch,  Ref.  39.) 
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IV.  OTHER  COMPUTER  CALCULATIONS  PERFORMED 


As  indicated  in  Section  II,  absorption  line  parameters  for 
a number  of  trace  species  known  to  be  of  some  importance  as  ab- 
sorbers in  the  millimeter-to-submillimeter  wave  spectral  region 
are  required  in  order  to  correctly  predict  attenuation  at  alti- 
tudes above  the  tropopause.  In  view  of  a controversy  in  the 
literature  concerning  the  degree  of  importance  of  carbon  monoxide 
as  an  absorber  3^20,40-43  this  spectral  region,  and  the  sim- 
plicity of  the  molecule,  it  was  decided  to  compute  the  CO  line 
parameters  first.  Only  the  ground  vibrational  state  was  consi- 
dered for  the  isotopic  species:  ^^C^®0,  and 

13c16o,  and  (in  view  of  the  low  concentration)  the  hyperfine 
structure  in  ^^C^^O  was  ignored.  The  latest  dipole  moment  value 
for  •’■^C^®0  was  used;^^  -0.10980(3)  Debye  units,  whose  uncertainty 
is  much  less  than  the  earlier  value^^  0.112(5)  D.  For  details 
concerning  linewidths  assumed  and  values  chosen  for  Bo,  Dq,  and 
Ho,  see  Tech.  Report  T-3/306-3-l^.  ^ When  the  AFCRL  criterion'^ 
for  "Existing  Intensity  Minimum  at  T = 296k"  is  applied  (l,9  E-23 
cm”^  per  molecule  cm~^),  only  lines  of  remain  in  the  list.^ 

As  to  the  status  of  our  computations  of  line  parameters  for 
other  trace  species  as  of  15  August  1975'  Line  positions  only 
have  been  computed  for  (dominant  isotope  of  nitric  oxide)  ; 

subroutines  for  evaluations  of  the  Wigner  six-j  symbols  have  been 
completed  and  tested,  in  preparation  for  computing  the  line 
strengths  of  the  lines  in  accordance  with  unpublished 

work^®  by  Steinbach;^®  unpublished  reports  of  work  performed 
at  the  National  Physical  Laboratory,  Teddington,  England  on  . 
nitric  acid  vapor  and  other  trace  species  observed®®  in  emission 
in  the  stratosphere  have  been  received  and  studied. 
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V.  PP^TH.TS  OF  T.TTF.RATURE  SURVEY 

The  literature  on  atmospheric  propagation  of  electromagnet 
The  litera  n,iHimeter  and  submillimeter 

:: :::  3 ::r: ::::  o.  ..ae.ea 

region  is  scarrere  several  years  of 

j Startinq  with  the  past  severe  jr 

o. .. 

-r:rv  ..  P.^iofizika,  t ^uant  Spectrosc^and_Ra^ 

as  Ty.vestia  V. — U , ^ r-ic.ni-rnnic 

I Phvaics.  Pa,1io  Enaincprinq  and  Electeo 

^^over  the  past  three  years,  over  1000 
tions  were  obtained.  The  subjects  coveted  inclu  ® 
absorption  and  emission  measurements  and 

nslculations,  etc.  but  also  atmospheric  t - 

spectroscopy  (HNO3,  «Oe,  SCs  etc  . end  ^ 
constituent  concentratrons  v- 

ces  directly  cited  in  suppo  merely  listing  author, 

there  would  be  no  useful  purpose  served  by  ">P  J 

s) Tool  ection.  RRI  has  proposed  the  preparation  of  speci- 
minous)  a collect  sabiec-  and  aimed  at  an  audi- 

“rr:.r.:r.r:»  ™ 

' t.:r ...... .. . ...  «■ 

more  than  two  years. 

The  extensive  British  worK  on  far-infrared  Fourier-transform 

, . . . ^ c^-ratnsoheric  meteorology 

spectroscopy  and  its  applications  to  stratospher 

and  astrophysics  has  been  summarised  recently  me. 
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Wavtnumbtr  («■') 
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V«v<numb«r  (m'') 


Fig.  7:  Atmospheric  Emission,  10-3^  cm”  (After  Ref.  20) 

Resolution  is  0.0625  cm”^ ? taken  at  12  km  altitude, 
at  zenith  angle  of  75°>  from  Comet  2E  aircraft  (UKj. 
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Fig.  7 shows  a typical  atmospheric  emission  spectrum  taken  at 
an  altitude  of  12  km,  with  the  emission  lines  of  water,  oxygen, 
and  ozone  clearly  marked.  A comparison  synthetic  spectrum  of 
ozone  is  superimposed  in  the  figure.  Of  course,  since  a high 
emissivity  is  indicative  of  a high  absorptivity  (albeit  with 
a somewhat  modified  frequency-dependence),  the  peaks  in  the 
figure  also  indicate  absorption  peaks. 

One  final  comment:  reference  is  frequently  made  to  a paper 
by  Hail‘d®  which  gives  the  water  vaoor  absorption  as  a function 
of  frequency.  We  wish  to  point  out  that,  as  noted  by  Falcone‘S® 
and  Emery®°^®^  Hall  made  an  unfortunate  error  in  the  frequency 
dependence  which  he  attributed  to  the  "kinetic"  line  shape. 

Thus,  papers  such  as  the  one  by  Burch®®  which  are  based  on  the 
results  of  Hail‘d®  (or  its  unpublished  predecessors)  must  be 
employed  with  caution. ^ Our  Fig.  4,  from  the  summary  paper  by 
Lukes, ®®  does  not  suffer  from  this  defect,  since  it  takes  cog- 
nizance of  Bastin' s work,®®  of  which  Emery's®^  is  a refinement. 
Fig.  4 represents  the  best  low-resolution  display  of  the  total 
zenith  attenuation  at  sea  level  which  has  yet  appeared  in  the 
literature,  although  the  submillimeter  spectrum  of  oxygen®^ i9~22 
is  neglected.  Tech.  Report  T-2/306-3-14  discusses  in  detail 
the  relationship  of  our  SLAM  results  with  those  in  the  litera- 
ture. ^ 
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VI . RECOMMENDATIONS  FOR  IMPROVEMENT  OF  DATA  BASE 

In  connection  with  Figs.  2 and  3,  it  was  pointed  out  that 
the  water  vapor  line-shape  choice  makes  a substantial  difference 
in  the  total  attenuation  predicted.  Limited  experimental  data 
is  available  as  a function  of  pressure  20,  3a,4o,5i  ^ 

the  theory  underestimates  the  attenuation  by  roughly  u factor 
of  two  (in  dB)  when  only  the  monomeric  form  of  water  is  considered, 
The  water  dimer  is  clearly  important  as  a source  of  additional 
attenuation  at  high  pressure,  but  the  quantitative  details  are 
still  controversial.  Molecular  beam  studies  have  recently 

been  made  of  the  microwave  absorption  by  the  dimer  molecule, 
(H20)2,^^  which  have  determined  the  bond  lengths  precisely,  but 
still  leave  the  bond  angles  uncertain. Direct  submillimeter- 
wave  molecular -beam  absorption  studies  are  thus  desirable,  to 
determine  where  the  bound  states  lie.®^^^  Further  theoretical 
calculations  should  then  be  possible  to  determine  the  linewidths, 
and  thereby  put  the  subject  of  dimer  absorption  on  a firmer 
foundation  than  at  present. 

At  high  altitudes,  the  CIAP-related  studies  of  the  strato- 
sphere^°* have  produced  emission  data.  The  SLAM  calculations 
should  be  cast  into  a form  capable  of  predicting  emission  (not 
merely  absorption)  so  as  to  compare  observations  against  predic- 
tions. At  altitudes  below  the  tropopause,  with  which  the  CIAP 
program  was  hardly  concerned,^®  measurements  are  desirable  at 
selected  frequencies,  to  act  as  a check  on  the  various  model  com- 
putations, especially  the  oxygen  linewidths  and  the  water  vapor 
line-shapes. 2, 5,  9 

From  the  discussion  in  Sections  II  through  IV,  it  is  clear 
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that  continued  effort  is  required  to  obtain  reliable  atmospheric 
absorption  line  parameters  in  the  millimeter  and  submillimeter 
wave  region  for  all  of  the  trace  species  which  have  been  identi- 
fied in  the  recent  stratospheric  emission  studies, 
i,  e,,  nitric  acid  (HNO3)  vapor,  nitrous  oxide  (N2O),  nitrogen 
dioxide  (NO2),  nitric  oxide  (NO),  carbon  monoxide  (CO),  and 
sulfur  dioxide  (802).^^®  AFCRL  has  been  funding  some  work  on 
HNO3  and  NO2,  with  which  RRI  has  been  cooperating,  and  the  N.  P. 

L.  group has  been  doing  laboratory  spectroscopy  on  these  species; 
reduction  to  line  parameters  has  not  yet  been  accomplished,  how- 
ever, and  it  is  line  parameters  which  are  required  for  SLAM-type 

computations.^”^  Also,  as  discussed  in  Ref.  2,  as  well  as  in 

. 31 

Sec.  II  below,  ongoing  work  on  the  oxygen  microwave-spectrum 
line-widths  must  be  incorporated  into  the  line  parameters  or  into 
the  SL^M  program  if  the  ±255^  uncertainty  indicated  in  Figs.  5 and 
6 is  to  be  reduced.®^®  Direct  measurement  of  the  line  widths  of 
the  oxygen  submillimeter  lines  might  further  improve  not  only 
the  subm-Mlimeter  transmission  predictions,  but  also  those  in 
the  microwave  region.^  Such  measurements  have  been  recommended 

by  us.^^® 


As  to  scattering  from  clouds,  the  theory  seems  to  be  well 
in  hand.®^^®  However,  in  most  of  the  spectral  region  under 
discussion,  relative  transparency  occurs  only  at  altitudes  suf- 
ficiently high  for  water  clouds  to  be  rare.  Thus,  scattering 
from  ice  clouds  (e.  g.,  cirrus)  becomes  important.  ’ * Little 
is  known  concerning  the  complex  index  of  refraction  of  ice  at 
cirrus  temperatures,®^®  so  that  RRI  has  suggested  measurements 
of  the  complex  refractive  index.®  The  non-ellipsoi dal  shape 
of  the  ice  crystals  is  also  a problem  which  merits  further  study. 


Owing  to  time  constraints,  the  SLAM  program  does  not  yet  have 
a dispersion-prediction  capability.  As  discussed  above,  such  a 
capability  is  relatively  easy  to  implement,  and  should  be  done. 
Extension  to  turbulence-prediction  is  also  possible  and  desirable. 
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Another  area  in  which  an  improvement  can  be  made  in  the 
data  base  needed  for  system  design  in  the  millimeter-to-submilli- 
meter  wave  region  is  that  of  receiver  technology. = It  is  clear 
from  the  literature  survey  performed  for  the  present  study  that 
data  on  receivers  in  this  spectral  region  is  available,  but 

scattered  widely  ever  the  literature.  It  should  be  studied 
systematically. 

Finally,  as  indicated  in  Section  V,  RRI  has  proposed  the 
preparation  of  specialized  bibliographies  intended  for  use  by 
systems  designers  in  the  region  between  50  GHz  and  3 THz  on 
the  subjects  covered  by  the  over  1000  references  studied  during 
the  course  of  the  present  contract.  Owing  to  the  interdiscip- 
linary nature  of  the  subject  matter,  these  references  are  to 
be  found  in  the  geophysical,  spectroscopic,  optical  engineering, 
astronomical,  and  chemical  literature,  besides  the  literature 
which  a microwave  or  communications  system  engineer  is  likely  to 
consult.  The  resulting  (apparent)  data  gap  can  be  bridged  by 
means  of  such  subject  bibliographies. 
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